Tubulocystic renal cell carcinoma (TRCC) represents a rare tumor with incidence lower than 1 % of all renal carcinomas. This study was undertaken to contribute to characterization of molecular signatures associated with TRCC and to compare them with the features of papillary renal cell carcinoma (PRCC) at the level of genome wide methylation analysis.
Tubulocystic renal cell carcinoma (TRCC) represents an
entity not yet included in the WHO classification of renal tumors. TRCC has been recognized as a rare renal tumor with male predominance, incidence lower than 1% of all renal carcinomas [1] and with unique gross and microscopic characteristics unlike other types of renal cell carcinomas. Mostly, such tumors are composed of tubules and cysts lined by a single layer of typical hobnail cells with large nuclei and prominent nucleoli. The literature describing biological behavior, immunohistochemical profiles, ultrastructural features and possible differential diagnostic features of TRCC is limited [2] [3] [4] [5] [6] . The oncogenesis of this neoplasm is unclear. Pathologic and cytogenetic findings seem to document the close relatedness between TRCC and papillary renal cell carcinomas (PRCC) [6] . The close relationship of TRCC to PRCC is supported not only by high frequency of both tumors coexistence but also by expression of proximal convoluted tubule markers (CD10 and AMACR) and by similar chromosomal abnormalities (chromosome 7 and 17 gains and Y chromosome losses) [1] . On the contrary, there are some pieces of evidence against the hypothesis claiming the relatedness between TRCC and PRCC like strong diffuse positivity for CK7 observed only in PRCC [7] [8] [9] and cytogenetic findings with gains of chromosome 8 and loss of chromosome 9 in TRCC only [10] .
Our study was undertaken to contribute to further characterization of molecular signatures associated with such a rare tumor entity as TRCC and to compare them with the features of PRCC at the level of genome wide methylation analysis using MeDIP technology and subsequent comprehensive bioinformatics analysis. We focused namely on the differentially methylated genes in both tumor entities to decipher possible epigenetic events associated with potential disruption of regulatory pathways and leading to tumor development. Methylation of promoter region and transcriptional silencing are well known important mechanisms of gene inactivation. Epigenetic inactivation of VHL gene in renal cell carcinomas belongs to the excellent examples of this phenomenon [11] .
Vogelstein et al. [12] determined cancer driver genes (~140) classifiable into 12 signaling pathways. Most solid tumors arise as a consequence of many sequential mutations. Tumors contain 40 -100 coding gene alterations including 5-15 driver mutations but it has been estimated that each such a mutation provides only very small growth advantage to the affected cell [13] . Epigenetic changes were not studied in the context of general mechanisms of carcinogenesis at the level comparable with mutation analysis in cancer-related genes as summarized by Vogelstein et al. [12] . The study by Beggs et al. [14] demonstrated that in colorectal cancer more than 10% of protein-coding genes were differentially methylated in comparison with normal colorectal epithelial cells. Similar results were obtained when the clear cell renal carcinomas were compared with adjacent non-tumorous tissues. Deregulation of approximately 7% genes was explained by epigenetic changes in this case [15] .
Hansen et al. [16] studied cancer-specific differentially methylated regions (cDMRs) and found tissue specific chromosomal blocks affected by loss of epigenetic stability mainly by stochastic demethylation varying in individual tumors of the identical type. These hypomethylated blocks in cancer corresponded to more than half of the genome.
With regard to renal carcinogenesis, few studies concerning differential methylation were published using different array platforms [15, 17, 18] and no study has been focused on alteration of promoter methylation in TRCC.
In our pilot study, we compared molecular signatures associated with TRCC and PRCC at the level of genome wide methylation analysis and we provided the evidence that the process of carcinogenesis leading to tumors of both types has some identical features if examined at the gene methylation level.
Patients and methods

Recruitment of patients.
We analyzed two samples of tubulocystic renal cell carcinomas (TRCC1, TRCC2) and four samples of papillary renal cell carcinomas (PRCC1, PRCC2, PRCC3, PRCC4). Together with all tumor samples their adjacent morphologically normal tissues were analyzed. All samples were retrieved from the Pilsen tumor registry (Bioptic laboratory, Pilsen, Czech Republic). Tissue samples were originally separated to tumor and non-tumor counterparts and deep-frozen (-80°C). Clinicopathological characteristics of the analyzed tumors are given in Table 1 DNA extraction and processing. For methylation analysis we used frozen samples. DNA from minced tissue was isolated using Nucleospin Tissue kit (Macherey Nagel, Germany) according to the manufacturer´s protocols. Isolated DNA was assessed with Nanodrop 1000 spectrophotometer (Thermo Scientific, USA).
2 μg of DNA were treated with anti-5-methylcytosine antibody using MagMeDIP kit (Diagenode, Belgium) according to manufacturer´s recommendation. 10 ng of enriched methylated DNA as well as 10% input DNA were used as an input into whole genome amplification reaction (WGA) using WGA2 -GenomePlex Complete Whole Genome Amplification (WGA) Kit (Sigma-Aldrich, U.S.A.). 100 ng of amplified DNA was labelled in enzymatic reaction with labeled primers according Nimblegen protocol for DNA methylation analysis (Roche Nimblegen Inc., U.S.A.). The standard protocol includes Cy5 labeling of the test sample and Cy3 labeling of the input sample. The sample was denatured and then incubated for 2 hours at 37°C in a thermocycler protected from light with dNTP/Klenow Master Mix. The 100 units of Klenow Fragment 3'-5' exo -were used. The reaction was stopped by addition of 0.5M EDTA and the labeled sample was purified using isopropanol precipitation. 15 μg of input as well as test sample were mixed, dried and resuspended again in 5.6 μl of nuclease free water. Methylation array analysis. NimbleGen 3x720K CpG Island Plus RefSeq Promoter Array (Roche Nimblegen Inc., U.S.A.) was used. The hybridization protocol was processed using MAUI Hybridization system (BioMicro, U.S.A.) requiring the adherence of NimbleChip HX3 mixer to the microarray slide. The hybridization master mix solution was prepared using components from a NimbleGen Hybridization Kit, prepared according to the NimbleGen protocol. Hybridization solution and samples were mixed, denatured and loaded into the fill port of a mixer. Then the samples were hybridized for 60 hours at 42°C in the mix mode B.
Posthybridization washing was done using Nimblegen buffers with increasing stringency (Roche NimbleGen, U.S.A.)
Microarrays were scanned with InnoScan 900 (Innopsys, France) at 2 μm resolution. Image analysis was performed in NimbleScan 2.6 software (Roche NimbleGen, U.S.A.) according to appropriate .ndf file.
We use the CHARM package [19, 20] to normalize data and to find differentially methylated regions (DMRs) and genes between studied groups. The CHARM package implements normalization procedure well suited for methylation arrays. The within-sample normalization is based on selecting CpG-free probes to represent signal from unmethylated regions. The loess regression is fitted to these CpG-free probes and the resulting correction curve is applied to remaining probes. The between-sample normalization is based on subset quantile normalization, where the subset is represented by negative, non-CpG-free probes. The CHARM package integrates all normalization procedures together with batch effects correction and Bayesian percentage methylation estimates into one function (methp). After applying methp function, we obtained normalized estimates of proportional methylation of individual probes. As the last correction step, the probes with quality index <75 were removed. All subsequent analyses within CHARM package were performed on the percentage methylation estimates obtained by methp function. Clustering of samples was performed by function cmdsplot within CHARM package. Results of cluster analysis were visualized on two-dimensional plot allowing visual accession of the separation between groups. DMRs were identified by function dmrFind. Function dmrFind identifies genomic intervals with significantly different average methylation between studied groups of samples. The important parameter produced by this function is average percentage methylation difference (avg). avg is simply the difference between average proportional methylation of all probes associated with specific DMR within control samples and tumor samples. Subsequently, function qval was applied in order to obtain significance estimates of individual DMRs. The significance of individual DMR is computed by randomization procedure as a false discovery rate and it is denoted as q-value. Significant DMRs were annotated by genomic features such as transcription start sites or CpG islands. The gene set associated with specific DMR was obtained as a list of all genes having their transcription start site within the DMR. The selected gene sets were analyzed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) [21] by the functional annotation clustering with In order to study global hypomethylation, we applied only the within-sample normalization implemented within CHARM package without the between-sample normalization because the between-sample normalization erases global differences between samples which we wanted to find [22] . After the within-sample normalization, we made a separate plot for every pair of tumor and control adjacent tissue. Densities of probe M-values from one tumor sample (dashed line) and from paired control tissue (solid line) were drawn on every plot. We then repeated the analysis with probes associated with CpG islands -the same plots type as in previous case were produced.
Results
The raw data for each examined entity are available in Array Express database (Experiment name: Genome-wide methylation analysis of tubulocystic and papillary renal cell carcinomas, Array Express accession: E-MTAB-2829, specified release date: 2016-01-15). We obtain very similar results (global hypomethylation) by applying vsn normalization to raw data and subsequently hidden Markov chain procedure configured to classify genomic intervals into three states: hypomethylated, non-changed and hypermethylated.
The analysis performed using the CHARM package did not reveal any significant differences at the gene methylation level between the compared tumor samples (TRCC versus PRCC). Due to this fact, we focused on the search for differentially methylated genes between the group containing both tumors and the group of control tissues with the goal to characterize the features shared by both tumor entities keeping in mind that the results obtained by cluster analysis do not suggest that the methylation profiles of both types of tumors are fully identical (Fig 3) . Cluster analysis compares the whole methylation profiles of samples mutually taking in account also the nonsignificant differences among analyzed samples.
Using CHARM package, we selected the set of genes differentially methylated in both tumor entities and kidney tissues of normal histological appearance. The genes together with their average percentage methylation difference and q-values are given in Tables 2 and 3 .
The genes listed in Table 2 were analyzed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) by the functional annotation clustering with medium classification stringency and with calculations of Benjamini and/or Bonferroni corrections and false discovery rates (FDR). ). Functional annotation clustering applied on the set of genes listed in Table  2 revealed also other significantly overrepresented genes associated with the plasma membrane functions (Table 4) .
Discussion
We observed striking global demethylation in all examined tumors as documented in Fig 1 and 2 . Global DNA hypomethylation in tumors belongs to the well described phenomenon. It has been reported earlier than cancer associated DNA hypermethylation [23] . It is thought that the global loss of DNA methylation in cancer is associated with chromosomal instability, reactivation of transposable elements and loss of imprinting [24] .
Such a DNA hypomethylation in cancer often affects larger part of the genome than promoter-specific DNA hypermethylation which disables namely tumor suppressor genes and their functions in cell cycle regulation. In contrast to transcriptional silencing of tumor suppressor genes through promoter hypermethylation, hypomethylation dependent transcriptional activation in cancer is less frequent [24] . Hansen et al. [16] documents the hypomethylation of chromosomal blocks corresponding to more than half of the genome in cancer tissues.
Among hypermethylated genes in both examined tumor entities, we found the prominent group of 19 genes for protocadherins gamma (PCDHG). Molecular mechanisms that could explain the relation between methylation of PCDHG gene sequences and cancer remain to be better elucidated. In most studies analyzing DNA methylation in renal cancer, the methylation of these genes was not reported [www.pubmeth. org, [17, 18] . The PCDGH genes were also not mentioned as methylated in normal tissues [25] . The study focused on carcinogenesis of Wilms´ tumors reported epigenetic silencing of protocadherin genes caused by DNA hypermethylation as concordant with decreased expression of protocadherins in tumors. The authors provided data implicating the role of PCDHGA encoded proteins in negative modulation of canonical Wnt signaling in kidney [26] . Recent studies demonstrated that the genes for protocadherins may act as tumor suppressor genes and that the inactivation of their promoters correlates with tumor development [27] . The gene PCDHGA11 which is included in our list has been found to be inactivated by promoter hypermethylation in astrocytomas and glioblastomas [28] . Similarly, the hypermethylations of PCDHGA10 and PCDHGA8 were found in numerous cancer and cancer cell lines [27] .
Our analysis performed using DAVID on the set of genes significantly hypermethylated in both tumors revealed also statistically significant overrepresentation of genes whose products are associated with plasma membrane functions ( Table 4) . One of these genes -STARD13 -codes for GTPaseactivating protein for RhoA. Its product may be involved in regulation of cytoskeletal reorganization, cell proliferation and cell motility. STARD13 is ubiquitously expressed and it acts as a tumor suppressor in hepatocellular carcinoma cells [29] . Product of the gene LNPEP is the leucyl/cystinyl aminopeptidase (vasopressinase) which cleaves vasopressin (antidiuretic hormone). Vasopressin regulates the body´s retention of water through increased water reabsorbtion in the collecting ducts of kidney nephron [30] .
The gene SLC20A2 encodes sodium-phosphate symporter which play a fundamental housekeeping role in phosphate transport by absorbing phosphate from interstitial fluid. It is crucial for normal cellular functions such as cellular metabolism, signal transduction, and nucleic acid and lipid synthesis [31] .
Our analysis of hypermethylated genes highlighted the role of epigenetic deregulation of genes encoding proteins associated with the physiological functions of plasma membrane in kidney in the carcinogenesis of both tumors studied by us.
Among genes that were detected as significantly hypomethylated in TRCC and PRCC tumors, we found SERPINA1 (serpin peptidase inhibitor clade A member 1). The expression of SERPINA1 plays the role in the invasion and migration of gastric cancer cells and it is associated with the progression of gastric cancer [32] .
The gene CAMKK1 (encoding calcium/calmodulindependent protein kinase 1) has been found also as hypomethylated in both types of tumors. Constitutive activation of CAMKK1 was reported as sufficient for mTORC1 activation in an experimental system [33] . The involvement of mTORC1 signaling pathway in renal carcinogenesis is well known [34] .
Above listed selected functions of epigenetically deregulated genes found by us in TRCC and PRCC are not only in good agreement with recent knowledge about general aspects of carcinogenesis but they provide also new point of view on development of both tumor entities stressing the role of altered cell membrane physiological functions in renal carcinogenesis leading to papillary and/or tubulocystic carcinomas.
With regard to recent knowledge about the mechanisms of epigenetic deregulation in cancer [16] , it seems that the significant differences in methylation patterns between two tumor types often appearing simultaneously in the same tissue could be hardly detectable due to the existence of tissue specific chromosomal blocks with highly variable methylation even among the samples of the identical tumor type. In our pilot study, we selected genes which could attract further attention of researcher due to their potential roles in renal carcinogenesis generally rather than as markers for specific renal cancer types.
We found 42 differentially methylated genes between both tumor and control tissues. Hypermethylated genes for protocadherins (PCDHG) and genes coding for products associated with functions of plasma membrane (e.g. ANKS1B, ARHGEF7, GNAS, KCTD1, LNPEP, STARD13, SLC20A2) were evaluated as significantly overrepresented among hypermethylated genes detected in both types of tumors. Our findings highlighted the importance of gene products associated with plasma membrane in renal oncogenesis leading to TRCC and/or PRCC and they provided further evidence for close molecular relationship between the examined tumors. The functions of potentially epigenetically deregulated genes detected by us in the both tumors are in good agreement with the known facts about general carcinogenesis but they should be examined in more complex further studies focused on cancer development in kidneys.
